We have found that dynamic reservoir interpretation can be enhanced by directly correlating the seismic amplitudes from many repeated 4D seismic monitors to the field production and injection history from wells. This "well2seis" crosscorrelation was achieved by defining a linear relationship between the 4D seismic signals and changes in the cumulative fluid volumes at the wells. We also found that the distribution of the well2seis correlation attribute can reveal key reservoir connectivity features, such as the seal of faults, fluid pathways, and communication between neighboring compartments. It can therefore enhance dynamic reservoir description. Based on this enhanced interpretation, we have developed a workflow to close the loop between 4D seismic and reservoir engineering data. First, the reservoir model was directly updated using quantitative information extracted from multiple surveys, by positioning and placing known barriers or conduits to flow. After this process, a seismic-assisted history matching was applied using the well2seis attribute to honor data from the seismic and engineering domains, while remaining consistent with the fault interpretation. Compared to traditional history matching, that attempts to match individual seismic time-lapse amplitudes and production data, our approach used an attribute that condensed available data to effectively enhance the signal. In addition, the approach was observed to improve the history-matching efficiency as well as model predictability. The proposed methodology was applied to a North Sea-field, the production of which was controlled by fault compartmentalization. It successfully detected the communication pathways and sealing property of key faults that are known to be major factors in influencing reservoir development. After history matching, the desired loops were closed by efficiently updating the reservoir simulation model, and this was indicated by a 90% reduction in the misfit errors and 89% lowering of the corresponding uncertainty bounds.
Introduction
With more than 20 years of application in industry, 4D seismic monitoring has been widely recognized as an effective technology for reservoir evaluation and management. It is proven that 4D seismic can detect changes in reservoir pressure and saturation, due to fluid displacements and distributions between wells and across the field. Normally, changes are revealed by subtracting the data from two seismic surveys acquired at different times, to reflect the corresponding dynamic changes during this particular time interval. From the engineering perspective, these 4D signals contain crucial information for updating reservoir models. A number of specialized techniques have been developed to extract quantitative reservoir engineering information, especially pressure and saturation changes, from these 4D seismic signatures (Landrø, 2001; MacBeth et al., 2006; Falahat et al., 2013) . After obtaining quantitative reservoir dynamic changes, workflows have also been proposed to close the loop between the observed and predicted 4D seismic and production history, to improve the reliability of reservoir simulation models for efficient well planning and production strategies (Staples et al., 2005; Landa and Kumar, 2011; Souza et al., 2011; Ayzenberg et al., 2013; Alerini et al., 2014; Ayzenberg and Liu, 2014; Tian et al., 2014) . Additionally, 4D seismic signatures can also assist in the direct estimation of reservoir model parameters. For example, Benguigui et al. (2014) show a method to calculate and update the fault transmissibility multipliers in the flow simulation model directly from mapped 4D seismic amplitudes, which was successfully applied to a fault-compartmentalized North Sea field.
Multiple, repeated seismic monitors are now fairly common in offshore environments through the widespread application of towed-streamer technology. To further enhance data quality and seismic repeatability, seabed permanent reservoir monitoring (PRM) are used to cover the life of the field and have been applied in many fields throughout the world (Eriksrud, 2014) . However, such frequently repeated 4D surveys will dramatically increase the interpretation workload if analyses are based only on individual 4D differences between two surveys. There are also other limitations when working with large numbers of 4D seismic surveys. For example, when using the 4D seismic to close the loop with production data, the workflow can be quite complex and nonunique, due to large amount of data at hand. Meanwhile, it is known that the 4D seismic data cannot be unambiguously interpreted without a proper understanding of the field development history (e.g., the production and injection history at each well). To resolve this, Huang and MacBeth (2012) propose a crosscorrelation method for reservoirs with 4D seismic signatures predominantly controlled by pressure changes. This "well2seis" approach unified multiple, repeated seismic surveys with well behavior data. It was shown that the method significantly eased the interpretation of dynamic reservoir connectivity in reservoirs controlled by stratigraphic and structural features. Following from this study, in this paper, the well2seis technique is extended to reservoirs with 4D seismic signatures that can be influenced by pressure and water saturation. Furthermore, the correlation properties are measured within a 3D volume rather than maps, to improve the volumetric understanding and apply them easily to reservoir model updating. These improvements allow the development of a practical two-step scheme to use multiple seismic surveys to update the reservoir model, at first manually and then with an assisted history match. It is observed that the combination of well2seis derived by direct updating and assisted history matching (AHM) improves the efficiency and speed of updating the static and dynamic reservoir models. The proposed scheme is therefore particularly useful for reservoirs with complex stratigraphic and/or structural controls on the fluid flow. To exemplify the approach, the workflow is applied to the North Sea field in which the 4D seismic signals are mainly influenced by pressure and water saturation changes.
Methodologies The well2seis technique
It is generally understood that 4D seismic signatures are sensitive to changes of reservoir pressure, water, and gas saturation caused by fluid extraction or injection from well behavior. Therefore, 4D seismic signals cannot be unambiguously interpreted without a clear understanding of the production and injection history. This statement leads to the understanding that 4D seismic changes at a specific location in the reservoir can be connected to specific well behavior. To demonstrate this, here, we consider a noncompacting reservoir in which only oil and water phases are present, so that the time-lapse seismic difference will depend on pressure and water saturation changes in the reservoir. If multiple, repeated seismic surveys are acquired at different times (i ¼ 1 to n), a total of N ¼ n × ðn − 1Þ∕2 4D seismic differences will be generated for all the paired combinations of seismic vintages to form a sequence fΔA 1 ; ΔA 2 ; : : : ; ΔA N g, where ΔA represents the difference of a seismic attribute such as amplitude, impedance, or time shift. When working with amplitude cubes, 4D seismic amplitude absolute differences are preferred to compensate for wavelet polarity effects. For example, five repeated seismic surveys will create a 4D seismic sequence with 10 differences fΔA 1 ; ΔA 2 ; : : : ; ΔA 10 g. Similarly, the reservoir fluid volume changes for the same time intervals can be derived from the integration of well production and injection data weighted by formation volume factors. These constitute a well behavior time sequence fΔV 1 ; ΔV 2 ; : : : ; ΔV N g. When the 4D signature is driven predominantly by pressure, Huang and MacBeth (2012) show that there is an approximate linear relationship between the 4D seismic amplitude and the net cumulative formation volume changes at each spatial location of the reservoir dynamically connected to the well. In practice, for an injector, around which a pressuredominated 4D seismic signal is present, the injected cumulative water ΔV wat can be correlated with the 4D seismic attribute ΔA. Thus, a dimensionless normalized crosscorrelation factor W2S Pres (W2S being the "well2seis attribute") is then obtained to measure the similarity between the 4D seismic sequence and the well activity sequence as
In this equation, the metric ranges from zero for no correlation (which means the well behavior is not responsible for the 4D seismic changes) to AE1 for a perfect correlation. Either −1 or þ1 can be a perfect correlation depending on the polarity of seismic attributes. Once the well2seis attribute W2S is calculated for every seismic bin within the reservoir, the distribution of W2S reflects the connection between the 4D signals and the well behavior, which implicitly measures the degree of reservoir connectivity to the wells of interest. Compared to the original seismic and well data alone, the well2seis attribute improves the spatial and temporal resolution. At the same time, the signal-to-noise ratio improves because random noise cannot be correlated with well behavior, although the correlation is still influenced by noise and errors in 4D seismic and production data (see Appendix A). Equation 1 can only be valid when the 4D signal is pressure dominant, which limits possible widespread use of the method. To circumvent this, we consider the saturation-pressure change equation proposed by MacBeth et al. (2006) and Alvarez and MacBeth (2014) as
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where C p and C S w are coefficients balancing the contributions of the pressure change ΔP and water saturation change ΔS w , and depending on the local geology, fluid properties, rock physics, and reservoir boundaries. MacBeth et al. (2006) and Alvarez and MacBeth (2014) explain how these two coefficients can be evaluated. Now, for a producer or a group of producers, when water saturation change dominates the 4D signature in the reservoir (which means the influence of pressure is suppressed relative to that of water saturation change [C S w ΔS w ≫ C p ΔP s ]), C P will be small and equation 2 becomes
For steady-state conditions, the water saturation change in the reservoir is equal to the oil recovered between the 4D time surveys in a reservoir undergoing water flood (Welge, 1952; Dake, 2001) :
where PV is the reservoir pore volume (regarded as a constant), ΔV oil is the cumulative oil production volume during the 4D period, and B o is the oil formation volume factor. The combination of equations 3 and 4 linearly relates 4D seismic signatures to cumulative oil production volume from the wells as ΔA ∝ ΔV oil . When multiple repeated seismic surveys are available, the 4D seismic amplitude sequence ΔA can be directly correlated with the sequence of cumulative oil production volumes as
where W2S Sw is the correlation attribute for water-saturation-dominated 4D signals.
If the impact on the 4D seismic signature due to pressure and water saturation changes is similar in magnitude, the individual contributions cannot be separated. However, a causative relationship still exists between the 4D seismic signals and well historic data. For instance, even though the hardening signals due to pressure depletion and water displacement overlap in the 4D seismic data, if they are both caused by the production/injection activities of the specific well/well group, the correlation attribute will reflect this relationship and therefore indicate the connectivity. Differentiating the pressure and saturation effects is a general challenge for most 4D seismic techniques, including this method, but it is not considered in our current work.
When a gas phase exists and affects the 4D seismic, the multilinear relationship proposed by Falahat et al. (2013) defines an approximate linear relationship between 4D signatures and pore volume scaled gas saturation changes. It is possible, in principle, to build the correlation between the 4D seismic signatures of gas and specific wells when the relationship between well activity and gas saturation changes is established. In a compartmentalized Norwegian Sea field in which three phases fluids (gas, oil, and water) are present, Yin and MacBeth (2014) achieve this by directly correlating cumulative gas production volumes from a specific well group to gas-influenced 4D seismic signals. They successfully interpret reservoir connectivity in the gasdominated 4D area using the correlation attribute and update the reservoir simulation model based on the resultant interpretation.
Although the correlation attribute W2S does reveal a connection between the 4D seismic signal and the well behavior, care must be taken regarding interpretation of this attribute. One consideration is the limited number of 4D monitors and the existence of seismic noise because this can cause spurious correlations. In theory, the more 4D monitors with higher repeatability that are included, the more robust the correlation attribute. PRM such as life of field seismic and ocean bottom cable will therefore enable the generation of the most stable and reliable correlation properties. According to studies over several fields from the North Sea (Huang et al., 2010 (Huang et al., , 2011 Huang and MacBeth, 2012; Yin and MacBeth, 2014) , a minimum of five repeated seismic surveys are required for the technique to work. To ensure the robustness of the correlation product and reduce ambiguities, a threshold value is required for the W2S attribute. Values below this threshold are interpreted as having no correlation or spurious correlation, and these values cannot be used to interpret the reservoir connectivity. Studies from these North Sea fields show that a W2S value greater than 0.7 provides a 99% confidence level when five repeated seismic surveys are used in the calculation. Finally, it should be noted that the well2seis formulation (equations 1 and 5) is developed by assuming that there is an approximate linear relationship between pressure/saturation changes and the 4D attributes. A nonlinear relationship may occur in some circumstances (for example, pressure change in an overpressured reservoir or gas saturation), which would invalidate equation 2. However, even under such conditions, it is believed that the 4D seismic signatures are still a monotonic function of pressure and saturation changes, which derive their timing from well behavior. Thus, the correlation attribute will remain qualitatively correct. One possible way to incorporate nonlinearity in the correlation is to use the Spearman rank correlation (Spearman, 1904 (Spearman, , 2010 because this will be sensitive to an ordered relationship between pressure/saturation changes and 4D seismic signatures.
Closing the 4D loop using well2seis interpretation
Closing the loop between 4D seismic and reservoir engineering data requires integrated workflows to make sense of the acquired data, of which the key is Interpretation / May 2015 SP37 to update the model in a timely fashion throughout the life cycle of a field (Tian, 2014) . By definition, the well2-seis technique illustrates how the well production behavior is related to the spatial distribution of 4D seismic signal. The well2seis attribute evaluated at a specific point of the reservoir reflects the degree of connectivity of the point of interest to the well location. As a consequence of this, the spatial distribution of this correlation attribute will indicate how the reservoir is communicating, compartmentalized, how it is connected to the wells, and how the fluid displacement in the reservoir is caused by these various well behaviors.
To update the reservoir model using the well2seis attribute, a two-stage workflow is proposed to revise the static and dynamic reservoir models. In the first step (so-called direct updating), newly detected/discovered key faults, pathways, or active geobodies detected by well2seis interpretations are manually inserted into the static model depending on their correlation with the geologic and geophysical information. To perform a semiquantitative update, fault transmissibility multipliers can be adjusted in the dynamic model according to the discontinuity of the well2seis attribute across targeted faults. A new term, well2seis gradient (∇W2S), is defined as the absolute difference of W2S factors across the fault. For example, the well2seis gradient ∇W2S between cells intersected by a fault is defined as
where i and i − 1 are the indices of the adjacent cells intersecting the fault. Generally, a large well2seis gradient indicates small fault transmissibility, and vice versa. To make effective use of this, we first conduct a sensitivity study by generating well2seis attributes using different fault transmissibility multiplier scenarios ranging from zero to one, based on the simulation model of the field for study (Manzocchi et al., 1999) . In the test, several (more than 100) fault transmissibility multipliers are randomly drawn from a uniform distribution to cover all possible outcomes. Each major fault intersects hundreds of cells in the reservoir model, so tens of thousands of well2seis gradients will be created in total, which is an adequate population of samples to represent the possible relationships between ∇W2S and the fault transmissibility multiplier. The seismic vertical resolution (in our case ≈40 m) is always larger than the thickness of reservoir model cells (≈4 m), which introduces an uncertainty and nonuniqueness into the model update. The generation of multiple model realizations all satisfying the seismic-scale value helps to express this uncertainty.
Crossplotting the calculated well2seis gradients against the corresponding fault transmissibility multipliers will outline the trend of how these two parameters are related. Normally, the well2seis gradient increases with decreasing fault transmissibility multiplier. Due to data uncertainty (geological, seismic, and engineering), the linear regression trend line is not adequate to feature all the relationships. Instead, an envelope of the distribution is constructed from the crossplots, to make sure that all possibilities are covered. The envelope of this distribution indicates how the well2-seis gradient varies with the changes of fault transmissibility. Within this envelope, a single well2seis gradient can correspond to a range of fault transmissibility multipliers.
To update the reservoir simulation model, new fault transmissibility multipliers are selected from the envelope according to observed well2seis gradients. For instance, to capture the uncertainties, 100 transmissibility multiplier realizations are selected for each major fault in the study. In conventional seismic history matching (SHM), a typical challenge is to improve the framework of the initial reservoir model in a geologically consistent manner. The direct updating stage enables us to tackle this problem by adjusting the static and dynamic models to match well2-seis distributions.
With directly updated multiple models from the semiquantitative process as priors, an AHM is now run to optimize the reservoir simulation model. History matching of multiple, repeated 4D seismic surveys combined with production data requires the ability to handle a large volume of crossdomain data. In addition, if the AHM process is conducted in a traditional way by matching observations from seismic and production independently, it will consume excessive computational resources for history matching and uncertainty quantification. The well2seis technique condenses the 4D signatures from all the seismic surveys and well production data into one single correlation property, with reduced noise due to the introduction of the well activity. In principle, history matching of the observed well2-seis volume W2Sðx; y; zÞ should improve the match quality and enhance the computation efficiency because of the compression of the observation data. As the well2seis attribute assimilates all the generated 4D differences using well production data, the history matching of W2S should improve the match to each individual time-lapse seismic data set as well as the production observations. To achieve the history match, we use the objective function (OF) defined by Tarantola (2005) that measures the misfit between observed and modeled well2seis attributes in each grid block of the simulation model according to
where W2S obs and W2S sim are the vectors of observed and simulated well2seis correlations, C −1 d is the inverse of the covariance matrix of uncertainties from W2S obs , m is a vector that contains the uncertain parameters in the model that should be updated during history matching, m pri is the vector of uncertain parameters in the prior models, and C −1 m is the inverse of the prior SP38 Interpretation / May 2015 covariance matrix of model parameters. Appendix A summarizes the equations for calculating uncertainty in the observed W2S. By using these equations, the calculation of the W2S obs uncertainty in each grid block of the simulation model provides the uncertainty covariance C d in the OF. After defining the well2seis OF, the misfit value is to be minimized. Many methods have been developed to minimize the difference between observations and predictions from the simulation model. Those methods can be divided into two categories: gradient-based methods and nongradient-based methods. Gradient-based methods use traditional optimization approaches to obtain a local minimum of the OF by calculating local gradients of the unknown parameters (Zhang and Reynolds, 2002) . However, in many cases, the calculation of the gradients is time consuming and not straightforward. Non-gradient-based methods do not require any computation of gradients and often treat the function evaluation (for example, reservoir simulation) as a "black box." Evolutionary algorithms (Schulze-Riegert et al., 2002) , simulated annealing (Sen and Stoffa, 1995) , and many other methods fall into this category. One main drawback of these methods is that they require hundreds or thousands of simulations, which demands large CPU time. Recently, ensemble-based methods, such as the ensemble Kalman filter (EnKF), have received attention in the literature and have been successfully applied to many reservoirs (Aanonsen et al., 2009; Evensen, 2009; Oliver and Chen, 2011) . EnKF is a sequential data assimilation method to estimate a large number of model parameters by assimilating different types of data, and it can be readily coupled with reservoir simulators for automatic history matching. It uses an ensemble of reservoir models to calculate the covariance between the model input parameters and the model responses. The covariance is considered as a gradient, which is then used to minimize the OF. In this paper, we use an ensemble smoother (ES) as an alternative method (Van Leeuwen and Evensen, 1996; Skjervheim and Evensen, 2011) . This differs from EnKF by computing the global update in one step in the spacetime domain, rather than using recursive updates in time as in the EnKF. The ES method is otherwise similar to EnKF. It can also be iteratively run to further improve the history matching result (Chen and Oliver, 2013) . The ES method is a natural choice for this work because the well2seis attribute, which is a single property containing information from all seismic surveys and well production data, is the only constraint to condition to, and the OF in equation 7 measures the global misfit immediately in the space-time domain. The ES algorithm also provides an ensemble of a posteriori models for scenario analysis and uncertainty management.
Application to the North Sea field Background
The methodologies outlined above are applied to data from the North Sea field. The field selected was discovered in 2004. It is located between two major production fields A and B (Figure 1 ). Understanding the communications between the study field and its neighbors is of great importance for field development. The reservoir consists of Middle Jurassic sandstones belonging to the Tarbert Formation (main reserves) and the Ness Formation of the Brent group. The main producing reservoir is composed of an insitu Brent Group structure (alpha unit) with a sedimentological character thought to be similar to the neighboring field B. There is a secondary reservoir (beta unit) of the geologic degradational complex (DECO), which is believed to be in communication with the alpha unit. As shown from Fig The red line is a major fault that divides the reservoir into two main units, alpha and beta. Wells P1 and P2 are the producers in the study field, whereas well INJ_1 is the injector. W1 to W10 are active wells in the neighboring field A.
Interpretation / May 2015 SP39 the reservoir keeps the same level of homogeneity during this thinning, which poses challenges for the reservoir modeling. The study field is relatively small and has only two producers and one injector (Figure 1b) , with the first oil produced in the early 2005. The first well P1 was produced under primary depletion for 2.5 years before the water injector INJ_1 was put online. The average reservoir pressure is now almost back to the initial level. Production in field A has recently begun, but there is still a high uncertainty in communication between the two fields. An understanding of the communication mechanism between the two fields is crucial for the successful development of the two fields. Figure 3a and 3b shows 3D and 4D seismic sections along line (A-B-C) in the middle of the reservoir model from southwest to northeast. Top and base reservoirs are the only horizons interpreted for the field. With a seismic peak frequency of 20 Hz and velocity in the reservoir section of around 3000 m∕s, expected vertical seismic resolution is 37.5 m. The seismic bin size is 12.5 m whereas the Fresnel zone resolves at roughly onequarter of the wavelength (37.5 m). As seen from Figure 3a , the base of the reservoir is somewhat uncertain due to a weak reflection amplitude. This introduces high uncertainties into the geologic model and, as a consequence, the dynamic model. However, most observed discrepancies are away from the main producing unit of the field and do not disrupt the general understanding in terms of pressure and saturation change distributions. Amplitude differences are clearly seen in the 4D section generated between 2010 and 2004 in Figure 3b . Location A shows the most dominant and laterally extensive 4D signal in the main producing part of the study field, which is interpreted as hardening caused by seawater flooding and subsequent oil-water contact rise. The 4D anomaly at location B is related to a gas cap expansion in the southern part of the field A (at location C), which is mostly a gas province. This creates a strong softening 4D signal of the opposite polarity to the water-flooding signal.
This field does not have its own seismic surveys, but it is covered by two independent 4D projects from the neighboring fields, over five repeated seismic surveys (2004, 2005, 2008, 2010, 2011 [shown in Figure 4] ). Primarily based on the interpretations of the 2004 seismic survey (Figure 3a ), the reservoir model was first built at the simulation grid size (lateral size 100 × 100 m and vertical thickness varying from 2 to 4 m). The geologic grid was created as a refinement of the simulation grid for property modeling. At the end of this process, an upscaling workflow was carried out to scale the geologic grid model back up to the simulation grid model. The field is heavily faulted, and fault seal effects are therefore critical in the production history. However, the modeling project could not undertake any fault seal analysis due to limitations with the in-house reservoir modeling tool. Therefore, the fault transmissibility in the reservoir model is raised as an immediate challenge for the closing the loop exercise. In the past, the reservoir simulation model has been first updated by manual perturbations, and then it is history matched to a rela- Figure 5a ) from field A and observed production data (Ayzenberg et al., 2013; Alerini et al., 2014; Ayzenberg and Liu, 2014) . Despite this process, the fault sealing properties remain uncertain due to the limited amount of information provided by the observation data and because each major fault was treated as a single uniform fault transmissibility multiplier; these are assumed to be the main reasons why the simulation model is still not satisfactory. On the other hand, the communication patterns between the field of study and its neighbors are still highly uncertain, which becomes a major problem due to the recent injection activity in a compartment of the field A close to the study field. Recently, high-quality seismic for all five of the 4D surveys has been reprocessed. These seismic data can now be used to improve the understanding of the communication by leading to a more reliable reservoir model.
Well2seis for enhancing dynamic interpretation of the reservoir connectivity
The well2seis method is applied to this field after crossequalizing the five seismic vintages to make effective use of all the 4D seismic data (absolute difference cubes of 4D seismic amplitude are generated for well2-seis correlation). Because this reservoir mainly contains oil and water phases, and the gas cap is very narrowly distributed, the correlation equations suitable for an oil-water system are chosen for this study. The 4D seismic signature in the field is mainly dominated by water, as illustrated in Figure 5a , which shows the seismic difference between 2010 and 2004. The reservoir development during this period can be seen from Figure 4 , the production is mainly under primary depletion until water injection started with a very high rate in late 2007. The reservoir pressure increased back to almost the initial value by 2010, and as a consequence, the pressure changes during the five years of the production period are difficult to detect with 4D seismic. Originally, only the 4D seismic between 2010 and 2004 was used to update the reservoir model because the three other seismic monitors were not available for that project. Before applying the well2-seis technique, three points (points a, b, and c in Figure 5a ) are selected within the reservoir to conduct a feasibility test of the method. Sequences of all the five seismic surveys for these points and the well history sequence of cumulative oil production from the major production well (P1) are created for each time interval. Combining the two types of sequence, the correlation factor W2S is calculated by the well2seis equation for each point and displayed on the correlation panels in Figure 5b -5d. Because an oil production increase causes an increase in the hardening response on the map of top reservoir, only high-correlation factors are anticipated if well production alone is responsible for the 4D seismic changes. Taking point a for example, despite its location far away from well P1 and the separation by several major faults, the calculated well2seis attribute is almost 0.60, which means, to some degree, that the production of well P1 is responsible for the 4D changes at point a. In other words, there is a certain degree of connectivity between point a to well P1. Point b is selected closer to P1, and this time, the 4D signatures at point b are greater than 0.97 correlated with the production well, indicating that the major fault that separated them did not act as a barrier. Point c, which is even closer to P1, is chosen as an additional test. The W2S value calculated for this point is low, indicating that the two subfaults surrounding point c partition this area from the production of well P1.
Once the well2seis attribute is calculated for every point in the reservoir as a 3D volume, a new property is available that contains the degree of correlation between the 4D changes and well recovery for this field. The correlation property is first generated by linking the 4D signature to well P1 using equation 5). A layer view of this newly generated property is displayed in Figure 6a , in which the distribution of the W2S factors is observed to be consistent with the location of the faults. This correlation property mainly explains the water flooding caused by the major production well P1. It also indirectly shows the pressure diffusion due to the volume extraction of this well. From synthetic tests on a reservoir simulation model with known connectivity properties, a correlation attribute greater than 0.45 is found to provide sufficient confidence to visualize communication to the wells of interest. Comparing Figure 6a with Figure 5a , it is observed that the correlation property not only clearly reflects the waterflooding signal but also reveals extra information re- All seismic surveys were shot during August. Production started from February 2005 with one major production well P1. After more than two years of production, a water injection well INJ_1 was drilled to maintain the reservoir pressure. The other production well P2 started from 2008, but the production rate is relatively quite low.
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garding the reservoir connectivity. In previous work on this field, each fault was assigned a single constant transmissibility multiplier along the fault plane during the reservoir modeling and updating process. However, as shown in Figure 6a , lateral continuity of the well2seis attributes along the faults is not homogeneous, especially for the faults separating the reservoirs under production from those of field A. This indicates that, horizontally, these faults should not be regarded as single transmissibility multipliers and need to be dealt with a more geologically meaningful way. In the simulation model, the faults between the field A compartment and the study reservoir were adjusted to provide an open transmission relative to the previous history-matched model. The W2S correlation attribute brings to our attention some sealing effects from the faults, identifiable by a distinct discontinuity of the correlation values (Figure 6a) . Distinct contrasts in the correlation values are also identified in the field A region, which are pointed out by black arrows and black dashed lines in Figure 6a . There is a good correlation on one side of the contrast whereas the correlation is low on the other side of the dashed lines. This suggests the possible existence of key barriers that are missed during reservoir interpretation and modeling. A second correlation property (Figure 6b ) is calculated from equation 1 using water injection well INJ_1. From this property, a brightening effect is observed in the field A region, which implies that pressure changes in this area are significantly correlated with the injection from INJ_1. Considering no production activity in field A region before the latest 4D monitor in 2011, it is likely that the water injection from INJ_1 caused strong pressure changes in field A, indicating a high level of communication between the field of study and field A. This indicates that a large amount of water injected by INJ_1 moved into the field 
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A region due to gravity effects. Even though injector INJ_1 provided pressure support to the study field, the buildup of local pressure in field A indicates the low efficiency of this support. Contrasts of correlation values are also observed in the field A area in Figure 6b , which gives us more confidence in the existence of new pressure barriers. To check the existence of the two new proposed fault barriers, we generate vertical cross sections B-B′ and C-C′ (Figure 7a ) from the baseline seismic surveys. Clear discontinuities of seismic reflection events and amplitude anomalies are observed at those proposed locations in cross sections (Figure 7b  and 7c) , justifying the possible existence of the two proposed barriers.
In Figure 8a , a 4D seismic section between 2010 and 2008 is created from line A-A′ (marked out in Figure 6b ) after compensation for time-shift effects. Injection from injector INJ_1 started in the late 2007 and lasted until 2012 (shown in Figure 4) , and the 4D difference between 2010 and 2008 fully captures the reservoir changes caused by the injection well. As is illustrated in Figure 8a and 8b, the fluid contact in the study field area on the right side of the seismic section moved up because of water flooding and production, whereas a certain amount of injected water flowed below and toward the neighboring compartment of field A due to gravity effects, thus causing a clear local pressure increase. The pressure increase in field A caused significant amplitude changes in the 4D seismic data between 2010 and 2008, as can be observed in Figure 8a . In the vertical seismic sections, the amplitude increase and decrease are due to the (impedance) softening created by the pressure increase in this region (because wavelet effects combined with geology generate several cycles within the reservoir interval that lead to opposing polarities). This response is not adequately captured by the 4D seismic between 2010 and 2004 because the pressure was almost equalized with these time steps. The vertical cross section from the volumetric well2seis property of well INJ_1 is also generated at the same lo- cation and overlapped with the seismic difference (see Figure 8c ). Comparing Figure 8c with 8a, the correlation attribute and 4D difference sections appear consistent with each other but the correlation attribute gives a much clearer image of the reservoir. Clearly, the continuous distribution of high-correlation attributes outlines that water injection displaces reservoir fluids toward the producers, passing through the faults and reaching the field A compartment, thus causing significant pressure changes. This distribution therefore reflects injected water pathways and the communication status of the reservoir. In a way quite distinct from the 4D seismic section, the correlation property in Figure 8c highlights more details about the vertical communication by its continuity across the faults, which enables understanding of the complexity of the fault connectivity and how to update the reservoir model in a more geologically meaningful way. The black arrows in the figure point out highly conducting vertical segments of the main faults, as determined from analysis of the well2seis correlation property. The remaining portions of the fault segments labeled by the black solid lines are mainly of low transmissibility and perform as barriers in the reservoir. In the compartment above field A, the detected pressure increase indicates that it is a part of the reservoir and that this active geobody should be included in the reservoir model.
History matching of the simulation model
Based on the interpretations from the well2seis application, a workflow is designed to close the 4D loop for this field using the methodology described above (Figure 9 ). At the stage of direct/manual updating, new faults are added to the model as nonpermeable barriers using the well2seis interpretation results. A new active geobody detected by W2S lying above the field A compartment is also introduced by enlarging the aquifer size in the model. To quantitatively use the well2seis correlation properties to update the fault transmissibility, a sensitivity study is conducted by generating a variety of synthetic correlation properties using the base case simulation model and applying the proposed scheme. An example of the synthetic correlation property is shown in Figure 10a , in which the synthetic W2S appears consistently distributed along the faults because each fault was represented by a single constant transmissibility multiplier. The W2S gradient (Figure 10b ) is crossplotted against the corresponding fault transmissibility multiplier (Figure 10c) , showing how the W2S attributes relate to fault connectivity. The distributions of the crossplotted dots form a search envelope that will enable us to screen the fault transmissibility multipliers using the observed well2seis gradient. To update the fault transmissibility in the simulation model in a geologically consistent way, each fault is vertically and laterally split into several segments according to the continuity of the observed W2S property distribution along and across the fault. Then, each fault segment is updated independently. The eight major faults on the reservoir are divided in 39 segments in the simulation model. One hundred realizations of fault Figure 9 . The workflow designed to close the 4D loop on the study field. transmissibility multipliers are randomly sampled for each segment using the distribution range provided by the search envelope. This procedure also varies the size of the newly introduced geobody. In total, 100 updated models are obtained at the end of the direct updating stage.
After direct updating, AHM is launched using the proposed OF in equation 7 with the 100 directly updated simulation models as an ensemble of prior estimates. Observed W2S values above the preset threshold are regarded as the single observational data in the OF and the misfit value between the observed and predicted data calculated for every reservoir model gridblock in the 3D volume. The errors in the observed W2S attributes are calculated according to the error estimation equations derived in Appendix A to make an estimation of the covariance C d in the OF. The average seismic noise to signal ratio (N/S) is around 20% in the study area, which indicates a reasonable degree of reliability for quantitative application (Behrens et al., 2002) . The uncertainties from the 4D seismic are further suppressed in the well2seis correlation property because well behavior does not correlate with random and coherent seismic noise. In terms of well historic production data, the uncertainty is regarded as unbiased observation error with a magnitude of around 5% according to the information provided by reservoir engineers working on this field. By combining the two types of errors according to Appendix A, the uncertainties from the observed W2S attributes are then calculated to construct the uncertainty covariance C d , such that the misfit value can be obtained using the proposed OF equation. Once the OF is formulated, the minimization of the OF value is performed by the ES algorithm with three automatic iterations initially set for fast quality control. In total, 42 model variables are screened during the AHM process by the main uncertainties, including fault transmissibility multipliers of the major faults and new faults barriers, and the size of the newly introduced geobody, which are assumed to be the major unknowns in the reservoir model. Application of the whole workflow takes less than two days.
Results Figure 11 illustrates the seismic match quality before and after applying the workflow. Figure 11a shows observed 4D seismic amplitude difference between 2008 and 2005. According to the field development history in Figure 4 , there was mainly production activity during this period so a pressure depletion response is expected. Figure 11b shows the simulated 4D difference for the same time interval from the simulation model that has been history matched to the individual seismic time-lapse data between 2004 and 2010. Comparing Figure 11b and 11a, there are two areas in the simulation model that are obviously not matched to the observations: Area I in which the hardening effect is found due to significant pressure depletion because of the production from the study field, whereas in the simulation model, no 4D response is obtained; and area II in which the reservoir model simulates oil moving into water shown as a softening effect in the synthetic, which is not observed from the seismic. Figure 11c shows the simulation model after the direct updating stage that displays a good improvement in the quality of the match. By adding the new active geobody and fault barriers, as well as resetting the fault transmissibility multipliers according to well2seis analysis, the simulated results become much more consistent with the seismic observations. The observed hardening effect in area I is closely matched, and the problem of oil displacing water from the base case at area II is minimized. Figure 11d is the simulated 4D seismic obtained after the AHM, showing slight changes from the direct updating, almost similar to those shown in Figure 11c . This observation is mostly because, for this reservoir, the improvement is caused by the revision of reservoir structures, introduction of new barriers, and the fault transmissibility multipliers. These parameters in the simulation model have already been efficiently updated to a quite acceptable degree in the direct updating. After direct updating, the results of a match with production data in Figure 12a and 12b show drastic improvement from the base case. The simulated production profiles from the entire 100 directly updated models move from the base case toward the observations, becoming more consistent with the observed historic data. For the latest period of the production history (mainly after 2011), most of the simulation results are even within the observation error bars, which means the model has been matched to an acceptable level. Because the last 4D survey was acquired in 2011, the updating using well2seis interpretations increases the predictive power of the model. Nevertheless, as observed in Figure 12 , even though the direct updating has achieved significant improvements, the simulation results are still far from the production observations in the main historic period before 2011. However, the results are also widely distributed, which means the uncertainty is still high. After the first iteration of ES in the AHM (the red lines in Figure 12) , the 100 models converge quickly toward the observations, improving the match for each realization while reducing the uncertainties. The historic observations before 2011 are matched quite well, whereas the results of prediction after 2011 still remain consistent with the observations. Figure 13 quantifies how the misfit OF and uncertainty of the models (normalized standard deviation of the ensemble) evolve during the workflow. Here, the uncertainties for the base case are normalized to one (denoting the highest uncertainty) before closing the loop, whereas the uncertainty from the models updated at each step of the workflow are normalized by using the same scalar as the base case. The objective is to minimize the misfit between observation and simulation, while reducing the uncertainty in the model to between 20% and 10%, which is determined by the uncertainties contained in the observed data. By applying direct updating, the misfit value calculated from the OF is reduced by nearly 90% (from 4838 to 517) whereas the model uncertainty remains more than 60%. After applying the well2seis AHM approach in the second stage, the Figure 12 . Production history-matching improvement after applying the proposed workflow: (a) results of matching to water cut for the well P1 and (b) water cut results for the well P2. The black dots correspond to the observed data; the gray area is the observational error, within which the simulated results are regarded as history matched; the blue lines are the results from the 100 directly updated realizations; and the red lines are the results after the first iterations of AHM. Figure 13 . Quantification of the evolution of the misfit OF value (green line) and the uncertainty (red line) at different stages of the proposed workflow.
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uncertainty is narrowed down to 11%, and thus it is reduced by almost 50%. The models are also further improved with the OF value reduced to 168 during the first iteration, or 3.5% of the initial misfit. The second and third iterations do not change too much in terms of the OF value, but the uncertainty still reduces until finally terminating at a very low value below 5%. However, because the required uncertainty level is set to be between 10% and 20%, only the direct updating and first iteration of ES are retained. Overall, the reservoir model is updated to a satisfactory degree in the seismic and engineering domains. Compared to the previous history-matching work on this field using only a single 4D difference between 2004 and 2010 (Ayzenberg et al., 2013) , the proposed workflow is more effective by taking account of all the multiple 4D seismic surveys at one time.
Discussions
The well2seis technique proposed in this paper, which is a continuation of the work on pressure-controlled multiple 4D signatures by Huang and MacBeth (2012) , is extended to pressure-and water-saturationinfluenced 4D reservoirs, making the technology more widely applicable. The subsequent well2seis attribute shows the capacity to enhance dynamic reservoir interpretations by defining well-centered spatial connectivity. Application of the method in a volumetric 3D manner has proved that this technique can effectively help to detect key reservoir connectivity properties in fault compartmentalized reservoirs, such as identifying fault barriers or conducting faults at a finer scale and better resolution, quantifying fault transmissibility, evaluating communications across reservoir compartments, and even analyzing active or inactive geobodies. Extension of the technique from 2D maps to 3D volumes shows the possibility of working with communication between different formations in stratigraphic reservoirs and assessing connectivity of interreservoir shales, but further studies and field applications are still needed.
A series of 4D surveys (at least five) with high repeatability, such as with PRM, will help to generate a robust well2seis correlation attribute. For a successful implementation of well2seis, properly defined threshold values for the correlation attribute are also essential to eliminate spurious correlations. A preliminary understanding of the reservoir geology including the structure and compartmentalization, and a feasibility study based on the original reservoir simulation model, will be important for determining an appropriate threshold value. If there are many wells in the reservoir, the technique may also benefit from abundant well behavior (such as the wells switching on or off) during each time interval by generating well2seis attributes for different wells or groups of wells. However, the contributions from other wells to the correlation attributes should be eliminated to guarantee the localized interpretations of well-centric reservoir connectivity. As a fundamental premise, the correct understanding of the communication and connectivity between wells as well as the similarity of the well behavior will be indispensable for improving this technique. Understanding the effect of pressure and saturations underlying the 4D signals is another important issue for successful application of the proposed technique. That is, the chosen 4D seismic signal should be sensitive to reservoir pressure and water saturation changes. This requires a linear or approximately linear relationship between the 4D signature and reservoir pressure and saturation changes for robust interpretation results. When gas exsolves from the reservoir and significantly influences 4D signatures, even though Falahat et al. (2013) provide an approximate linear relationship between pore volume scaled gas saturation changes and 4D attributes, a definable relationship between gas saturation changes and well behavior is still required for the success of this technique. Otherwise, it could also be an option to directly correlate 4D seismic with gas saturation observed at wells. Finally, the time interval of the 4D surveys can also have an impact on the application of our well2seis technique. For instance, the evolution of water saturation is relatively slow compared to pressure changes in the reservoir. The time spacing of the 4D surveys needs to be properly designed to effectively capture the changes of water saturation for well2seis correlation.
When closing the 4D loop, instead of immediately running the AHM, the reservoir model is first updated directly using the quantitative information interpreted from the 4D signatures by the well2seis technique. Only at the end of the process, when the models have converged to a certain point, will the AHM be run to optimize the history-matching result. The workflow is capable of updating static and dynamic models consistently and also improves the history-matching efficiency because the direct updating will help to reduce the amount of time-consuming history-matching iterations. During the AHM procedure, different from traditional history matching, we only minimize the misfit between observed and simulated well2seis attributes. The ES method is selected to perform the optimization. Normally, when performing traditional SHM to historymatch multiple 4D seismic surveys as well as production observations, the ES will require a significantly large ensemble size of models, to maintain sufficient degrees of freedom to accurately match the substantial amount of observational data. This demands a large amount of CPU power and takes a long time to run. Ensemble collapse may also occur due to the large amount observation data but limited ensemble size. However, this correlation attribute W2S condenses all the 4D difference signatures and production data; hence, it provides less but higher quality observation data for history matching. As a consequence, the history matching of well2seis attribute greatly reduces the computation cost and becomes more efficient than the traditional procedures. More importantly, the seismic and production history SP48 Interpretation / May 2015 matching results are improved to a high and acceptable degree. A reliable petroelastic model and seismic modeling are required to generate accurate synthetic 4D seismic attributes for simulated well2seis correlation, which is necessary for the successful implementation of proposed workflow.
The proposed workflow is mainly designed for updating fault seal properties and connectivity between geobodies and compartments. It still needs to be generalized to update other reservoir model variables through proper parameterization. The direct updating stage reduces the misfit very effectively but uncertainty and artificial errors may also be introduced during this manual updating. To solve this problem, a relative large uncertainty (or parameter search range) will be required for the parameter updates in the following AHM stage for optimization. When applying the ES for history matching, a large number of simulation model realizations are compulsory. In the study, an ensemble of 100 realizations is the minimum. The larger the ensemble size is, the more reliable the update model will be. This will make the computation quite CPU demanding especially when the ES runs iteratively. The seismic resolution for the reservoir also affects the application of our workflow, especially the vertical resolution for updating fault transmissibility. The seismic vertical resolution commonly is regarded as one-quarter of the wavelength (≈40 m), whereas the thickness of reservoir model layers is much less than this (≈4 m). This introduces an uncertainty in the updated models. Multiple model realizations can help to define the nonuniqueness created by this problem. Instead of directly correlating to seismic traces, it is recommended that colored seismic inversion products can be used to obtain engineering-consistent interpretation results in vertical sections (Alvarez, 2014) .
Conclusions
This study further develops a technique to quantitatively link well behavior (produced/injected fluids volumes or a combination of them) to multiple 4D seismic surveys in which the 4D signals are controlled by pressure or water saturation changes or a combination. By linearly crosscorrelating the changes of production/injection volumes to multiple 4D signatures in 3D volumes, the well2seis method provides high-resolution images for robust interpretation of reservoir connectivity and is better than using individual 4D seismic alone. It identifies more detail of key reservoir features in an engineering-consistent manner. Thus, it shows great potential to work as an effective tool in updating the reservoir models. A workflow is proposed to use this well2seis attribute and its interpretations to close the 4D loop by sequential application of direct updating and AHM. Here, the well2seis attribute is successfully introduced as an effective AHM attribute for multiple 4D seismic surveys, improving the match quality in seismic and engineering domains.
Application of the well2seis method to a compartmentalized North Sea field reveals the communication pattern between the producing reservoir and its neighboring fields, new pressure barriers and active reservoir geobodies, and it also evaluates the sealing property of major faults. The proposed workflow efficiently history matches the model and closes the loop between synthetic and observed W2S attributes based on this benefit. It improves the match quality by more than 90% and reduces the reservoir model uncertainty by almost 90%. The multiple updated models from the proposed workflow also enable uncertainty quantification and make it possible in the future to conduct risk assessment for effective reservoir planning and management after closing the loop. Statoil, Suncor, Taqa, TGS, and Total) for supporting this research. We would like to thank Statoil ASA for permission to show the field data. The authors thank the group Next Generation Reservoir Management and Modelling (NGRMM) in Statoil ASA for setting up this project and for the use of their ensemble based reservoir tool. We also thank Sean Tian for his corrections and constructive suggestions on this paper and Ulrich Theune for help in preparing the figures.
Appendix A Well2seis attribute error estimation
The well2seis attribute W2S correlates data from 4D seismic surveys with the well history. The observed 4D seismic ΔA obs contains signal ΔA signal and noise c seis (the nonrepeatability noise is main uncertainty source). Then, ΔA obs can be written as
where ΔA signal is the pure 4D seismic signal. To quantify the 4D seismic noise, the seismic repeatability NRMS is measured (as a fraction) according to Kragh and Christie (2002) :
where A t1 and A t2 are 4D seismic surveys shot at different times and rms represents the root mean square. The seismic N/S can be derived from the NRMS between two surveys (Grion et al., 2000; Behrens et al., 2002) :
The 4D seismic noise can then be quantified as
Similarly, the well observation data ΔV obs can also be written as
where ΔV signal is the true (uncontaminated) production data and c prod is the production data uncertainty, which may be assumed to be a Gaussian distributed measurement error c prod ∼ Nð0; δ 2 Þ, where δ is the standard deviation of the measurement errors.
The data, and var [c seis ] can be calculated using equations A-2 and A-4. The quantity δ, which is the standard deviation of production measurement errors, can be estimated from the production data.
The quantity in equation A-14 is now used in the history-matching procedure.
